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Verbal fluency tasks have been widely used to evaluate language and executive control processes in the
human brain. FMRI studies of verbal fluency, however, have used either silent word generation (which
provides no behavioral measure) or cued generation of single words in order to contend with speech-related
motion artifacts. In this study, we use a recently developed paradigm design to investigate the neural
correlates of verbal fluency during overt, free recall, word generation so that performance and brain activity
could be evaluated under conditions that more closely mirror standard behavioral test demands. We
investigated verbal fluency to both letter and category cues in order to evaluate differential involvement of
specific frontal and temporal lobe sites as a function of retrieval cue type, as suggested by previous
neuropsychological and neuroimaging investigations. In addition, we incorporated both a task switching
manipulation and an automatic speech condition in order to modulate the demand placed on executive
functions. We found greater activation in the left hemisphere during category and letter fluency tasks, and
greater right hemisphere activation during automatic speech. We also found that letter and category fluency
tasks were associated with differential involvement of specific regions of the frontal and temporal lobes.
These findings provide converging evidence that letter and category fluency performance is dependent on
partially distinct neural circuitry. They also provide strong evidence that verbal fluency can be successfully
evaluated in the MR environment using overt, self-paced, responses.

Published by Elsevier Inc.
Introduction

Neuropsychological investigations have shown that verbal fluency,
as measured by the ability to generate lists of words aloud under time
constraint, relies on the coordinated activity of a number of brain
areas, particularly in the frontal and temporal lobes of the left
hemisphere. Damage to the left frontal lobe, especially to left inferior
frontal cortex (LIFC) has consistently been shown to impair verbal
fluency, even in patients who are not overtly aphasic (e.g., Baldo and
Shimamura, 1998; Milner, 1964; Thompson-Schill et al., 1998). In
addition, there is evidence that the generation of word lists to letter
cues (letter fluency, e.g., “tell me all the words you can think of that
beginwith the letter A”) relies on a partially different network of brain
regions than the generation of word lists to semantic category cues
(category fluency e.g., “tell me all the animals you can think of”).
Studies have shown, for example, that frontal lobe damage results in
disproportionate impairment to letter fluency (e.g. Hodges et al.,
1999; Miller, 1984; Baldo et al. 2001; Moscovitch, 1994), while
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temporal lobe damage impairs semantic category fluency to a greater
extent than letter fluency (e.g. Hodges et al. 1999; Newcombe and
Russel, 1969; Butters et al.; 1986; Monsch et al., 1994; Chan et al;
1993; Baldo et al., 2006). Functional neuroimaging studies, using
positron emission tomography (Mummery et al., 1996; Gourovitch et
al., 2000) and fMRI (e.g., Perani et al., 2003a,b) have generally
supported these findings (for review, see Costafreda et al. (2006)).

Motivated by studies of patients with focal brain lesions, verbal
fluency tasks have been used increasingly to evaluate language-
related and executive control processes in a variety of non-focal
disorders including traumatic brain injury (Henry and Crawford,
2004), depression (Wolfe et al., 1987), Alzheimer's disease (Monsch
et al., 1992, Monsch et al., 1994), Huntington's disease (Monsch et al.,
1994), schizophrenia (Saykin et al., 1991; Phillips et al., 2004),
attention deficit/hyperactivity disorder (Geurts et al., 2004), and
autism (Turner, 1999). It is therefore of considerable interest to
elucidate the neural systems involved in performing these tasks using
non-invasive methods.

The fluency paradigms used in nearly all fMRI studies, however,
have differed markedly from the procedure used in neuropsycholog-
ical investigations. Perhaps most important among these differences,
the standard behavioral paradigm in neuropsychological studies
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requires free recall, with subjects producing words aloud as quickly as
possible within a limited period of time. In contrast, in order to
mitigate task-related motion artifacts, fMRI studies have typically
required either covert word generation (e.g., Gurd et al., 2002;
Hirshorn and Thompson-Schill, 2006; Perani et al., 2003a,b), or overt,
but experimenter-paced single word production (e.g., Phelps et al.,
1997; Abrahams et al., 2003). Covert word generation lacks a
behavioral correlate, and the results are therefore difficult to interpret
and validate, particularly when studying patient groups. While
providing the behavioral correlate, paced overt single word produc-
tion tasks are also problematic. These procedures reduce cognitive
demands relative to the behavioral task by allowing subjects more
time to reflect upon their word choice, while increasing the need to
inhibit responses (see Basho et al. (2007) and Abrahams et al. (2003)
for discussions of these issues). Verbal fluency tasks are often used
clinically because they provide measures of the efficiency of selecting
and retrieving phonological/orthographic and semantic category
information, and require efficient task initiation, planning, organiza-
tion, and flexibility. These demands are likely to be markedly reduced
or absent when responses are generated covertly or are artificially
constrained by experimenter-determined pacing.

Fortunately, paradigms for allowing self-paced overt responses in
fMRI while mitigating the artifacts from motion have recently been
introduced. Basho et al. (2007), for example, investigated category
fluency in an overt self-paced design. An overt speech baseline was
included in an attempt to control for task-related motion artifacts
(e.g., Barch et al., 1999). A potential difficulty with this design is that
the main effect of speaking aloud cannot be investigated. This, in turn,
may have contributed to the surprising finding that covert word
generation lead to greater neural activity in a number of brain regions,
relative to overt word generation. In contrast, no brain region showed
more activity for the overt, relative to the covert task (>Basho et al.,
2007). A different approach to reducing task-related motion artifacts
is by using an event-related paradigm or a blocked design with
relatively short (10 s) task and rest periods (Birn et al., 2004; Soltysik
and Hyde, 2006). These paradigms have been shown to produce
reliable measures of activation using relatively simple speech tasks
(e.g., cued single word reading). However, their ability to distinguish
differences in activation expected to result from variations in fluency
task demands has not been investigated.

Our primary goal was to investigate the neural correlates of verbal
fluency during overt, free recall, word generation so that performance
and brain activity could be evaluated under conditions that more
closely mirror standard behavioral test demands. While the 10 s of
word generation required is relatively short compared to typical
behavioral word generation tasks, and will therefore be easier to
complete, it does require self-paced spontaneous generation of
multiple words, a fundamental aspect of behavioral fluency tasks.
Furthermore, the briefer word generation time will be important if
this paradigm is to be used in the future with clinical groups that are
impaired on behavioral word fluency tasks. It can be difficult to
interpret functional imaging findings on tasks for which behavior is
not equated. It is our clinical observation in both Alzheimer's disease
(AM) and Autism Spectrum Disorders (LK) that the initial 10 s of
response is similar to typical controls, whereas later in the course of
1 min, word production drops off. Therefore, it is hoped that a briefer
interval of self-paced word generation will tap fundamental processes
associated with verbal fluency while allowing equivalent word output
in typical and clinical groups. In contrast to previous studies of overt
self-paced verbal fluency, our paradigm included both letter and
category cues to evaluate differential involvement of specific frontal
and temporal lobe sites as a function of retrieval cue type, as
suggested by previous neuropsychological and neuroimaging inves-
tigations. We also incorporated a switching manipulation that
required subjects to alternate retrieval according to two cues (two
letters, two categories), in order to place greater emphasis on
executive control processes typically linked to frontal lobe functioning
(Baddeley et al., 2001). Switching fluency tasks have been commonly
used to evaluate cognitive flexibility in a variety of clinical populations
including schizophrenia (Gourovitch et al., 1996), Parkinson's disease
(Gurd and Oliveira 1996), Alzheimer's disease (Houston et al., 2005),
obsessive compulsive disorders (Martin et al., 1993), and HIV-
associated cognitive deficits (Iudicello et al., 2008). Finally, we
included an automatic speech condition that required subjects to
produce a highly over-learned sequence of words to provide a
language production baseline and to control for language output
effects.

The neural substrate for automatic speech is of interest in its own
right. In the late 1800s, Hughlings Jackson suggested that nonproposi-
tional, automatic speech may be under right hemisphere control
(Jackson, 1879). This idea has received some support from lesion
studies showing that speech automatisms (e.g., over-learned phrases,
curse words) often occur in patients with left hemisphere brain
damage and aphasia, whereas, relative to patients with left-sided
lesions, patients with right hemisphere damage are impaired in
producing automatic speech (for review see Code (1997)).

We had a number of predictions based on previous neuropsy-
chological and neuroimaging findings. First, we expected that,
relative to automatic speech, the neural network associated with
word generation during the fluency tasks (i.e., in response to specific
letter and semantic category cues) would be strongly lateralized to
the left hemisphere, even though it would be expected that many
more words would be produced under the automatic than the other
word generation conditions. Conversely, we expected that automatic
speech would show more extensive right hemisphere activity. We
also expected that both the letter and semantic tasks would be
associated with activity in a number of brain regions, prominently
including LIFC (reflecting selection and retrieval demands) and left
posterior temporal cortices (reflecting the site of stored information
being retrieved). Moreover, we expected letter fluency to yield
greater LIFC involvement than category fluency due to increased
selection demands associated with retrieving words based on
spelling rules (words beginning with a specific letter) relative to
word retrieval based on a semantic category (words denoting objects
belonging to a single, common category). In contrast, the category
tasks would be expected to produce more posterior temporal lobe
activity as a reflection of conceptually-driven word retrieval de-
mands that define these, but not letter fluency tasks (e.g., Martin
et al., 1994). Finally, relative to the single cue conditions, the two cue
switching conditions should also produce increased LIFC (Sohn et al.,
2000) and/or posterior parietal (Gurd et al., 2002, 2003) activity
because of the greater demands these tasks place on controlled
retrieval processes.

Methods

Subject and imaging parameters

Fourteen, right-handed, healthy volunteers participated in the
study (7 female; mean age=32.2 years, range 22–48). All subjects
spoke English as their first language, had normal or corrected-to-
normal visual acuity, and no known history of neurological impair-
ments or reading/vocabulary difficulties. Informed consent was
obtained in writing under an approved National Institute of Mental
Health protocol. All participants were financially compensated for
their participation according to NIH guidelines.

Time series of T2⁎-weighted echo-planar MR images were
acquired on a 3 T General Electric (GE) MRI scanner (Waukesha, WI,
USA) using a quadrature birdcage RF coil. Whole brain coverage was
achieved using 27–28 sagittal slices. (TR: 2000 ms, TE: 30 ms, FOV:
24 cm, slice thickness: 5 mm, matrix: 64×64, 115 image volumes per
time series.) For anatomical reference, a higher resolution volumewas
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acquired at the beginning of each scan session using a T1-weighted
Magnetization Prepared Rapid Gradient Echo (MP-RAGE) pulse
sequence (flip angle: 10°, resolution: 0.94×0.94×1.2 mm3). The
subject's head was immobilized using a vacuum pillow (S and S Par
Scientific, Houston, TX, USA).

During scanning, the subject's spoken responses were recorded
using an optical microphonewith active noise cancellation (Phone-Or,
Inc., Israel). This microphone and the associated processing software
allowed the subject's response to be separated from the scanner
sounds.

Task paradigm

The task was performed in a blocked design, with 10 s periods of
task performance alternated with 10 s periods of rest (subjects
instructed to stare at a central fixation cross). Using this design, blood
oxygenation level dependent (BOLD) signal changes are delayed by a
quarter cycle relative to the motion-induced signal changes, which
occur in synchrony with the task. As a result, the correlation between
BOLD and motion-induced signal changes is small, and the number of
false positives resulting from speech-related motion artifacts (when
performing a standard regression analysis) is minimized (for details
see Birn et al. (2004)).

In each 10 s block, subjects were presented with one of five
possible task cues: a single letter, a single semantic category, two
letters, two categories, or a control condition.Written cue letters were
presented in the center of the screen and remained visible for the
duration of the 10 s block. In the control condition, subjects were
presented with an over-learned category – the word “months”
appeared – and subjects named the months of the year in
chronological order starting from January. When presented with a
single letter or category, subjects were asked to generate as many
words as they could think of starting with that letter, or that were
members of the category, until the fixation cross appeared. When
presentedwith two letters (or two categories), subjects were required
to generate one word corresponding to one of the letters (or
categories), then switch to the other letter (or category), and continue
to alternate between the two cues (e.g. when presented with the cue
“color/fruit” subjects would generate “blue, apple, red, banana, …”).
Each condition was presented twice, in random order, in each of
8 runs for a total of 16 unique blocks for each of the letter and category
conditions.

Analysis

All image analyses were performed using AFNI (Cox, 1996).
Reconstructed images were first corrected for bulk head motion using
a rigid-body volume registration routine. Time series were then
corrected for slice-timing differences, spatially smoothed using a
Gaussian blur with a root-mean-square (RMS) width of 4 mm, and
converted to percent signal changes. Activation amplitudes for each of
the five conditions were determined in each subject using a multiple
regression analysis. BOLD signal changes were modeled using the
stimulus timing convolved with a gamma-variate (Cohen et al., 1997).
Task-related motion artifacts were modeled using a boxcar waveform
representing the task timing.

Group-level analyses were performed using a mixed effects
ANOVA with subjects as a random factor and task as a fixed factor.
In the first analysis, all five fluency tasks were included (one-way
ANOVA with five levels: one letter, two letter, one category, two
category, months) to allow us to define brain regions more active
during strategic (letter and category cued) than automatic word
production. We then evaluated how activity within these regions was
modulated by fluency task via a second level analysis — a two-way
ANOVA of condition (letter, category) and number of cues (i.e.,
switching: one, two).
Statistical maps were corrected for multiple comparisons by
thresholding each contrast – category vs. letter, one cue vs. two cues,
and fluency tasks vs. control condition – at a single-voxel p-value of
pb0.001, and then rejecting activation differences below a cluster
size of 770 mL. This cluster size was derived from a Monte Carlo
simulation of false positive rates of different cluster sizes (using the
program AlphaSim from the AFNI package), and results in a corrected
p-value of pb0.05 for each contrast.

Averaged response time series were obtained by deconvolution.
These time courses were averaged over different regions of interest,
defined by different contrasts in the ANOVA analysis — all fluency
tasks vs. the control condition, category vs. letter fluency, and one cue
vs. two cues.

Finally, an additional analysis was performed in order to assess and
confirm the effectiveness of this paradigm design in isolating the
speech-related movement artifacts. The multiple regression analysis
was repeated 21 times, each time with a different shift of the ideal
hemodynamic response, from −10 s to +10 s, in 1 s steps. In this
analysis, the motion-induced signal change was not modeled with
additional regressors. Our hypothesis was that motion-induced signal
changes would show a maximal correlation with the ideal response
several seconds earlier than the true BOLD signal changes.

Results

Behavior

As expected, subjects generated more words during the auto-
matic speech condition (“months”) (mean±std. error of the mean:
12.0±1.4 words) than during any of the other fluency conditions
(all p's b0.0001; 1 letter: 5.0±0.4 words, 1 category: 6.0±0.5
words, 2 letters: 5.2±0.4 words, 2 categories: 4.9±0.3 words). The
number of words produced during the different fluency tasks,
however, did not differ significantly (all p'sN0.10).

Imaging

Relative to the 10 s rest periods, word generation during the
fluency tasks produced robust and widespread bilateral activation of
frontal, parietal, and occipitotemporal cortices, and the anterior
cingulate. In comparison to the automatic speech condition, how-
ever, fluency-related activity was limited largely to the left hemi-
sphere, whereas automatic speech yielded greater right hemisphere
activity. Specifically, relative to the category and letter fluency tasks,
repeated retrieval of the names of the months of the year in
chronological order yielded increased activity in bilateral pre-central
gyrus (motor and premotor cortices), precuneus, left superior tem-
poral gyrus, and a more extensive region of activation in the right
hemisphere covering both right superior temporal gyrus and right
supramarginal gyrus (Fig. 1a and Table 1). In contrast, relative to
automatic speech, the fluency conditions elicited robust activity in
broad expanses of left ventral occipitotemporal cortex, including
fusiform gyrus (Fig. 1b), left parietal and left frontal cortices (Fig. 1c),
as well as the supplemental motor area (SMA), and bilateral tha-
lamus extending into the left caudate (Fig. 1c and Table 1). In each
of these regions, the fluency tasks yielded more activity than auto-
matic speech even though, on average, only half as manywords were
generated.

Differences between the fluency task conditions were also
observed. Relative to category fluency, letter fluency yielded greater
activity in the left inferior frontal gyrus, bilateral superior parietal
cortex, and in the bilateral ventral occipitotemporal cortex centered
on the occipital temporal sulcus. In contrast, relative to letter fluency,
category fluency yielded greater activity in occipital (visual) cortex,
the left fusiform gyrus – anterior and medial to the activity associated
with letter fluency – and the left middle frontal gyrus, anterior to the



Fig. 1. Category and letter fluency tasks (C,L) vs. “months” automatic speech control condition (M). Blue areas indicate regions with a greater activation during the automatic speech;
red areas indicate regions with a greater activation during the fluency tasks. Activations are thresholded at pb0.05 (corrected for multiple comparisons). Bar graphs on the right
indicate the average signal intensity during each of the 5 tasks, averaged over all subjects and over the region of interest indicated by the number (1–4). (R.STG=right superior
temporal gyrus, R.SMG=right supramarginal gyrus, L.Fus=left fusiform gyrus, L.PrCG/IFG=left pre-central gyrus/inferior frontal gyrus.) Note that activation associated with
automatic speech is greater in the right hemisphere, whereas activation associated with the fluency tasks is left hemisphere lateralized.
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region more active for letter than the category fluency tasks
(indicated by arrows in Fig. 2c) (see Fig. 2 and Table 1).

The additional task demand of switching between two categories
or two letters resulted in greater activation in a number of these
regions including the left middle frontal gyrus, left superior parietal
cortex, left fusiform, and the precuneus (Fig. 3 and Table 1). The task
switching also resulted in greater activation in the rightmiddle frontal
gyrus, right fusiform, and right superior parietal cortex, but these
regions showed no significant difference between the fluency tasks
and the automatic speech condition. No regions showed a weaker
response to the switching than to the single cue conditions, and no
significant interactions between fluency task type (category, letter)
and switching (one cue, two cues) were found.

Analysis of motion artifacts

As expected, the averaged signal intensity time courses from the
above described activated regions show a delayed response,



Table 1
Locations and statistics of brain regions with significant differences in activation to the various conditions: M = “months” (overlearned category control condition), C = category,
L = Letter, 1 = single letter or category, 2 = switching task in response to the presentation of two letters or categories.

Contrast Talairach coordinates (Center of mass) Talairach coordinates (Peak voxel) Name Mean t-stat Peak t-stat Volume (mm3)

MN(C,L)
(44,−10,7) (29,−9,3) Right superior temporal gyrus 5.1123 8.6319 11,799
(−48,−25,11) (−45,−39,22) Left superior temporal gyrus 5.0104 7.6841 6645
(50,−45,25) (56,−38,33) Right supramarginal gyrus 5.1499 8.5728 15,434
(7,−47,38) (11,−69,34) Cingulate/precuneus 5.0178 8.6982 6810
(−51,−15,32) (−49,−17,32) Left post-central gyrus 4.7842 6.2972 1342
(51,−10,36) (53,−11,42) Right post-central gyrus 4.8598 6.5613 2297

(C,L)NM
(−38,12,30) (−39,22,24) Left inferior frontal gyrus 5.6177 11.357 17,049
(−36,−51,−14) (−45,−51,−11) Left fusiform gyrus 5.6046 13.254 11,366
(−5,−14,6) (−7,−3,13) Left caudate/thalamus 5.5381 12.437 19,285
(−4,16,44) (−3,16,45) SMA 5.7732 9.6589 5927
(−29,2,50) (−34,−4,47) Left middle frontal gyrus 5.1673 8.928 4334
(−27,−70,36) (−31,−66,31) Left superior parietal lobule 4.9452 7.9471 1964
(−4,−25,−8) (−5,−26,−4) Brain stem/substantia nigra 5.3757 10.112 5252

LNC
(−45,0,27) (−46,−3,31) Left inferior frontal gyrus. 5.119 7.3631 2820
(−36,−46,44) (−34,−45,45) Left superior parietal lobule 5.0381 8.4761 2769
(0,−28,25) (−5,−33,25) Precuneus 5.2196 7.2782 2186
(42,−57,−9) (40,−59,−9) Right fusiform gyrus 4.9342 6.5318 2072
(−40,−62,−8) (−38,−66,−8) Left fusiform gyrus 5.0883 7.455 1890
(16,−66,36) (15,−67,32) Right superior parietal lobule 4.8283 6.4391 791

CNL
(−2,−65,5) (−9,−62,7) Visual cortex 5.4843 12.933 17,353
(−19,23,49) (−21,11,45) Left middle frontal gyrus 6.3948 10.348 6799
(−42,−69,27) (−48,−66,24) Left MTG 5.0957 8.6699 2990
(−23,−45,−7) (−15,−50,−1) Left fusiform gyrus 5.039 7.7621 1138
(−42,−24,10) (−36,−27,12) Left superior temporal gyrus 4.9257 7.1258 934

2N1
(−27,−9,45) (−30,−8,50) Left pre-central gyrus 5.1067 8.3642 4555
(26,−7,50) (22,−11,51) Right pre-central gyrus 4.8202 6.5381 2230
(−22,−80,11) (−28,−69,23) Left superior parietal lobule 5.2697 10.079 8975
(26,−79,10) (24,−67,31) Right superior parietal lobule 5.3566 11.186 8877
(−30,−68,−12) (−35,−57,−6) Left fusiform gyrus 4.9488 7.1721 8915
(32,−62,−11) (34,−73,−11) Right fusiform gyrus 5.276 7.948 6634
(−9,−63,44) (−7,−70,40) Precuneus 5.0516 9.7959 6467
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characteristic of the typical hemodynamic BOLD signal. In contrast,
signal intensity time courses in regions that are particularly vulnerable
to task-relatedmotion artifacts – orbital frontal cortex, anterior inferior
temporal cortex, and the edges of the brain – showedmore rapid signal
intensity changes that were synchronous with the task timing and not
significantly correlated with the ideal delayed BOLD response (Fig. 4).
These rapid signal intensity changes preceded the expected BOLD
response by approximately 3–4 s, and therefore likely reflect task-
related motion. In some brain regions, such as the orbitofrontal cortex,
the signal intensity time course not only showed features consistent
with task-related motion artifact, but also showed a slower return to
baselineduring the rest period, indicating that this region could contain
a combination of motion-induced signal changes and task-related
neuronal activity. The presence of the motion artifact, however, makes
a precise estimation of the activation amplitudemore difficult, and as a
result this region was not included in the above described results.

Discussion

This study provides strong evidence that different types of verbal
fluency tasks can be successfully performed and evaluated in the MR
environment using overt responses that are self-paced. Although the
feasibility of the paradigm used in this study has been demonstrated
before (Birn et al., 2004), the prior study used a task that was highly
constrained — reading aloud single words. The current study is the
first to show that this paradigm can be successfully used to evaluate
overt free recall. In addition, although there have been a few previous
reports on overt fluency; the current study is the first to investigate
overt, unpaced verbal fluency under multiple retrieval conditions. In
the following sections, we will first discuss the specific findings on the
neural circuitry supporting single word retrieval and then turn to
some final comments on our paradigm.

Fluency tasks vs. automatic speech

As expected, subjects produced significantly more words when
repeatedly reciting the months of the year in chronological order than
when retrieving words to specific letter and category cues. Consistent
with this increased output, a number of brain regions – including the
superior temporal and pre-central gyri, bilaterally – showed enhanced
activity during this automatic speech condition relative to the
controlled retrieval conditions. Activation of the superior temporal
gyri included primary and secondary auditory processing zones, and
thus likely reflected, at least in part, auditory processing of the
subject's own output since many more words were produced during
the automatic than controlled fluency conditions. Bilateral activation
of the pre-central gyrus was also observed, likely reflecting overt
speech production (articulation). An interesting aspect of the activa-
tions in both of these sites is that they were considerably more
extensive in the right than left hemisphere (see Table 1). Moreover,
other activated regions, including a large region of posterior temporal–
parietal cortex centered on the supramarginal gyrus, were lateralized
to the right hemisphere. Thus, repeated retrieval of the same highly
over-learned sequence of words led to enhanced right hemisphere
activity relative to considerably more effortful tasks requiring the
generation of a unique list of words on every trial. This finding is
particularly noteworthy given the extensive literature showing that
neural activity typically decreaseswhen stimuli and tasks are repeated



Fig. 2. Category vs. letter fluency. Regions with greater activation during the category fluency tasks (C) are shown in red, while regions with greater activation during the letter
fluency tasks (L) are shown in blue. Activations are thresholded at pb0.05 (corrected for multiple comparisons). Compared to category fluency, letter fluency resulted in greater
activation in left pre-central/inferior frontal gyrus (a), bilateral ventral occipitotemporal cortex (b), and bilateral superior parietal cortex (c). Category fluency resulted in greater
activation in occipital (visual) cortex, fusiform (b), and left middle frontal gyrus (c). Frontal activation with a greater response to category cues (left middle frontal gyrus, yellow
arrow) is located superior and anterior to the frontal activation with a greater response to letter cues (left pre-central/inferior frontal gyrus, black arrow).
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(i.e., repetition suppression; Grill-Spector et al., 2006; Schacter et al.,
2007).

The interpretation of this finding is not, however, straightforward.
One possibility is that this finding suggests a right hemisphere su-
periority for producing automatic speech, consistent with the clinical
literature noted previously (see Code (1997) for review). Previous
neuroimaging studies have not been particularly informative on this
issue. Automatic speech tasks have been used in several studies (e.g.,
generating months of the year, days of the week, number counting:
Gourovitch et al., 2000; Hutchinson et al., 1999; Schlosser et al., 1998)
but enhanced activations associated with these baseline conditions
were typically not assessed or reported. Larsen et al., however,
reported a 10% rCBF increase in right, but not left, hemisphere blood-
flow during an automatic speech task (Larsen et al., 1978). Thus, our
finding is in agreement with some prior neuroimaging and clinical
reports. Nevertheless, it should be noted that the hemispheric
difference we observed could in principle reflect any of the ways
that the automatic speech and fluency conditions differed. Thus, our
results provide no more than a tantalizing clue that the right
hemisphere may be more involved than the left in the production of
highly over-learned verbal sequences.

Regardless of the interpretation of the automatic speech findings,
this condition proved to be highly successful for isolating fluency-
related activations nearly exclusively to the left hemisphere. Both the
semantic and phonemic fluency tasks produced greater activation in
the left frontal, posterior ventral temporal, and superior parietal
cortices, compared to the over-learned category control condition. In
fact, in some of these regions, automatic speech resulted in almost no
detectable BOLD response compared to rest, whereas the fluency tasks
produced robust responses, consistent with claims that these left



Fig. 3.Main effect of task switching. Regions with greater activation during verbal fluency in response to two categories or letters (2) compared to single category or letter cues (1)
are indicated in red. This includes bilateral premotor areas, superior parietal cortex, ventral occipitotemporal cortex, and posterior cingulate. No regions show a greater activation to
single category or letter cues (blue).

Fig. 4. Latency analysis — main effect of task vs. fixation: colored regions show the main effect of the task vs. fixation. The color scale indicates the timing of the signal changes
relative to the typical BOLD response. Red=earlier than typical BOLD response (i.e. synchronous with task timing, and indicative of motion); green=timing similar to typical
BOLD response. Signal changes occurring in synchrony with the task (indicated by gray regions in the time series) are visible near the mouth and in the inferior temporal lobe.
These motion-induced signal changes occur several seconds before BOLD signal changes in motor and language regions. Time courses from 3 regions are shown in the right. The
blue and red curves represent the ideal BOLD and motion-induced signal changes, respectively. Signals from the mouth/jaw area and the inferior temporal cortex are more rapid
and occur primarily during the task, indicative of motion artifact.
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hemisphere sites are involved in strategic lexical and semantic search
and retrieval processes (see Fig. 1).

Letter vs. category fluency

While letter fluency and category fluency require many of the
same cognitive processes, including sustaining attention, devising a
search strategy, selecting appropriate words, inhibiting competitors,
engaging working memory, and articulating the output, there are
important differences. Letter fluency requires selecting and retrieving
information based on spelling (orthography). Category fluency, on the
other hand, places a greater demand on conceptual knowledge stores.
Our fMRI data show activations consistent with these different
requirements. In the left hemisphere, letter fluency was associated
with enhanced responses in the left premotor/inferior frontal gyrus,
relative to the category fluency tasks. In contrast, category fluency
showed enhanced activity in the left fusiform and left middle frontal
gyrus. These findings are consistent with previous studies associating
letter fluency with the left frontal lobe, especially the more posterior
regions of the left inferior frontal gyrus (for review, see Costafreda et
al. (2006)), and semantic fluency with increased activation of the
more anterior regions of the frontal lobes and with posterior regions
of temporal cortex (Gourovitch et al., 2000; Mummery et al., 1996;
Perani et al., 2003a,b).

Other differences between category and letter fluency were also
observed that were not directly predicted by these earlier studies.
Specifically, letter fluency was found to show greater activity than
category fluency in relatively discrete bilateral regions of the
occipitotemporal cortex centered on the occipital temporal sulcus.
These activations likely do not reflect early low-level visual proces-
sing, since the activity was greater during viewing of a single letter,
compared to viewing an entire word (the category and control
conditions). In fact, viewing whole words activated primary visual
cortex, bilaterally, to a greater extent relative to viewing single letters
(see Fig. 2). Interestingly, the region of posterior temporal cortex
more active for the letter than category fluency conditions overlaps
with an area implicated by previous studies as being involved in the
visual processing of word forms (i.e., the visual word form areas,
VWFA;McCandliss et al., 2003), as well as with other word processing
sites that appears to have a multimodal function; i.e., for combining
orthographic and phonological information (Cohen and Dehaene,
2004). Based on these studies, one could speculate that this area may
bemore heavily involved in letter than category fluency because letter
fluency requires an initial mapping of the letter cue to phonologic
and/or orthographic information, and checking that the orthography
of the retrieved word matches the initial letter cue. In other words,
this activity may reflect top-down activation of VWFA required by the
demands of the letter fluency task that are not necessary when
retrieving words to category cues.

The effect of externally cued task switching demands

Task switching requires increased attention, workingmemory, and
other executive control processes. In the current study, switching
between two letters or two categories resulted in greater activation in
bilateral premotor regions and posterior temporal cortices, likely
reflecting increased demand on word selection, retrieval, and storage
sites. In addition, increased activation was observed in bilateral
posterior parietal regions, a finding consistent with previous reports
using covert verbal fluency tasks (Gurd et al., 2002; Gurd et al., 2003).
Surprisingly, but again consistent with previous studies (Gurd et al.,
2002; Gurd et al., 2003), no enhanced activity was found in the more
anterior frontal region (the middle frontal gyrus) found to be more
active for category compared to letter fluency. The apparent conflict
between this finding and previous clinical research emphasizing the
role of prefrontal cortex during switching may reflect differences in
task demands. For example, in a behavioral investigation of patients
with dementia, Troyer et al. (1998) found that spontaneous switching
to facilitate word generation during semantic verbal fluency tasks was
related to frontal lobe functioning. In contrast, the task used in the
Gurd studies, like ours, provides specific cues to switch. Baldo et al.
(2001) differentiate endogenous switching (a spontaneous internally
generated strategy) from exogenous, or externally cued, switching
during a fluency task, and report that while patients with frontal lobe
lesions are more impaired on verbal fluency tasks than the control
participants, both groups are comparably affected by an explicit
requirement to switch between cues. The lack of prefrontal findings in
this study may also relate to the Baddeley et al. (2001) finding that
switching costs are small when the need to remember the switches is
removed by providing visual cues.

The influence of task-related motion

This study shows that neuronal activation during an overt self-
paced verbal fluency task can be successfully assessed and separated
from task-related motion effects by using a block design with task
(speech) and rest (non-speech) block durations of 10 s. This paradigm
design exploits the latency difference between the delayed hemody-
namic BOLD response and the motion artifact, minimizing the
likelihood that motion artifacts appear as false positives (Birn et al.,
2004). It should be noted, however, that there is a possibility of either
missing activation or incorrectly estimating the response amplitude
when the BOLD response and task-related motion-induced signal
changes occur in the same voxel. Previous studies have shown that
these task-induced motion artifacts occur primarily in the anterior
inferior temporal lobes, orbitofrontal cortex, and at the edges of the
brain (Birn et al., 1998, 2004). A closer look at the time courses within
these regions indeed showed significant and rapid signal changes, but
these were not correlated with the ideal BOLD response and were
therefore not classified as “active” regions in our analysis. Recovering
the BOLD response within these regions would require either a more
accurate modeling of motion-induced signal changes, or ignoring the
time points during the speech epochs (Birn et al., 2004). Ignoring the
corrupted time points could, perhaps, be done selectively in those
regions severely affected bymotion in order to preserve the degrees of
freedom in unaffected regions.

Conclusions

In this study we were able to measure brain activity when subjects
generated aloud lists of words to specific retrieval cues, thereby more
closely mirroring standard behavioral test demands for unpacedword
generation than in previous fMRI investigations. Consistent with
previous findings, we found that letter and category fluency tasks
were associated with differential involvement of frontal and temporal
lobes—with a greater activation in left pre-central and inferior frontal
gyrus for letter fluency, and greater activationmore anterior in the left
middle frontal gyrus as well as in the left fusiform gyrus for category
fluency. Contrary to expectations, we also found greater activation of
left occipitotemporal sulcus/posterior fusiform gyrus during word
retrieval to letter than category cues. We speculated that this activity
may be related to word form processing demands that are greater
when retrieval is guided by letter rather than by category cues. The
additional demand of task switching increased activation in parietal
areas as well as premotor regions, partially overlapping with areas
more active during the letter fluency task, but not the category fluency
task, suggesting a functional role for themiddle frontal gyrus in verbal
fluency beyond lexical search and retrieval. While bilateral activations
were observed in many of these tasks, right hemisphere activations
were typically greater during automatic speech produced in response
to an over-learned category, while left hemisphere activations were
greater during the category and letter fluency tasks that placed
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greater demands on executive function processes. Overall, our
findings show that both the location and amount of cortical activity
can be modulated by varying verbal fluency task demands. They also
demonstrate that these differences can be identified and evaluated
when subjects speak aloud in a self-pacedmanner in themagnet. This,
in turn, suggests that our paradigm should be useful for evaluating the
integrity of neural systems in clinical populations using verbal fluency
tasks and other procedures that require overt speech.
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